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Outline

* PHENIX experiment at RHIC

* Longitudinal spin program

e Transverse spin program

e Qutlook
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Polarized Proton Collider at RHIC

Absolute Polarimeter (HT jet) RHIC pC Polarimeters
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PHENIX Detector
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PHENIX Detector at RHIC
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Central Arms | n| <0.35
e |dentified charged hadrons

e Neutral Pions

e Direct Photon

e J/Psi

e Heavy Flavor

Muon Arms 1.2<|n|<24
e J/Psi
e Unidentified charged hadrons

e Heavy Flavor

MPC
e Neutral Pion’s
e Eta’s

3.1<|n|<3.9

ZDC
e Neutrons

In| ~5.9
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Integrated polarized proton luminosity L [pb™]

History of RHIC Spin Runs

RHIC is capable of delivering the polarized p+p/A for precision spin physics

Polarized proton runs

Heavy ion runs - comparison of species combinations

600 250
—— 250/255 GeV _
-== 100 GeV 2013 P=53% =
=3
500 =
Z 200 f
-
:::
Z
400 E
g 150
=
]
300 | =
A
=
4 100
200 _-2015P=55% S
P SO =
2012 P=52% 222009 P=34% -
2012 P=59% .
2011 P =48% £ s
100 o ?
2009 P=56% 2006 P=55% 2
——————————— 2005 P=47% -
0 m=z=ZET— 2003 P=34%

10 12

Time [weeks in physics]

14

16 18 20

2016 AutAu s Au+Au reference

symmetric species

asymmetric-species

2012 Cut+Au
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- A very challenging task to deliver polarized p+p, excellent performance from 2012+
- Outstanding Heavy lon machine performance from the beginning

- Polarized p+p, p+Au and p+Al
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Physics with Longitudinally
Polarized p+p Collisions
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Three Decades of the Proton Spin Puzzle

*Early expectation: large gluon polarization
ORCRWVEN | QuarkSpin | Gluon Spin_
. 5 g SLAC
—-AG=0.3+0.1 -
s > 2000
| | CERN
Axial anomaly .
Cheng & Li, PRL (1989) ongoing

DESY
EMC, 1980s ->2007

I 1 . . JLab
5=5Aq+Lq+AG+Lg Ongging

RHIC
Aq ~ 30% (pOl. SIDIS) ongoing
AG ~ 20% (RHIC - Spin) - SIDIS/DIS
L~? (RHIC’FNAL {7) - Polarized p+p
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Gluon Polarization and m° A,

= €=

Versus

=P =

ALLz(N++_N+-)/(N+++N+-)

-- Parton distribution functions
-- Partonic hard scattering rates
-- Fragmentation functions

Ac(pp = 7°X) = Ag(x,) ® Ag(x,) ® AG=~%(§)® D] (2)..
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n® A, at central rapidity (|7]<0.35)

* Latest PHENIX publication PRD 93, 011501(R), (2016)
e Positive gluon polarization at moderate x ~ 0.05- 0.2

AG ~20% (RHIC - spin)

R 0
- n'+X [n|<0.35
- pp — %X [n|<0.35 s=510 GeV [ PP nl
0.02 — | W 510 GeV: Runi2-13
L . 0.02 510 GeV: rel. lum. uncertainty
i Rel. lum. uncertainty | @ 200 GeV: Run6-9 (PRD90,012007)
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N wi o an B g
— 3 | 7
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7/7/16 Ming X. Liu, ICNFP2016 10



J/W A,, at Forward Rapidity

* Access gluonsin small-xregion, x,<0.01 o1z @
, o < - PHENIX p+p 510 GeV
At RHIC energies /Y production s T amy = Wi
dominated by gluon-gluon fusion. O-08F+ prewix 2015 Dwn
0.06 o _ PYTHII_\+Nl;lgF;2.IV=wp+¢;I1.1 20 range
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Impact of RHIC data on Gluon Polarization

arXiv:1602.03922

. . 1.5 LI IIllIII LI lllllll LI lllllll LI llllIII LILLLLLLL

Favors positive gluon L i

o L DIS + SIDIS s RHIC projection_

pOIarlzatl on L 90% C.L. constraint data < 21())r10§ec 1on_

— Published/Submitted: - —— DSSV 2014 mmm EIC projection -

* Run9 200GeV Central 1% A, 1 = RAISUEER, band VEST8GeV

* Runl3510GeV Central m° A,

* Runl3 510GeV Forward J/Y A,

— Ongoing analyses

* Runl1500GeV Forwardm® A,
* Run13510GeV Forwardm® A,
* Runl3510GeV Central m*

* Runl3 510GeV Central direct photo | 1
* Run9, 11di-n° A, L ; i
| Q" =10GeV 1
[ 11 IIIIIII 11 IIIIIII 11 IIIIIII 11 IIIIIII 11 Illll:
Proposed EIC, 2025+ 0.5 7 » P . n
10 10 10 10 10 1
X min
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Flavor Identified Sea Quark Polarization
Au (x), Ad(x)

* Couldsea-quarkcontribute significantly the total proton spin?

— Polarized sea-quarkdistributions poorly known, SIDIS has limited
sensitivity

« RHIC has unique access to flavoridentified sea-quarksvia W*/

Ann. Rev. Nucl. Sci.50:525-585, (2000)

A L= ( N - N _)/( N ++ N -) “ Proton helicity ="+"
U (x) ) v
o Ad W
Al =~ — (forward rapidity) A
W AIZ ® Proton helicity ="—"
AL ~—  (backward rapidity)

E“_’(x 1) v
W+
W\
u(xz) I
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Runl3 pp510GeV W* > e* A

High pT electrons from

W+/- decays
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Latest PHENIX publication: PRD 93, 051103(R)(2016)

‘(a) W+2Z°

PHENIX Run 2013 p+p 510 Ge
" I |<0.35

H(b) W+Z°

- PHENIX Run 2011 (500 GeV) + T
~* Run 2012 (510 GeV) |n [<0.35

® > 30 GeV/c

(5 5% polarization scale uncert. not shown) T

CHE NLO calculations

== DSSV 14
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Add Forward W* - u* A,

e Forward Muons

(forward rapidity)
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RHIC W* - [* data Impact on
Sea Quark Polarization

 Expectsignificantimprovement of flavoridentified sea quark polarization

0.5

T prpoW
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DSSV++
incl. proj. W data
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Physics with Transversely
Polarized p+p Collisions
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Do We Understand the Physics?

RHIC 200 GeV CMS

Large Transverse Single Spin S | o Tota anaray
. " | — Collins
Asymmetry (TSSA) in forward hadron L e s L T
oroduction persists up to RHIC energy. [IRRNAEAERCAAS L Boo ,’/
1 | I 2 g
. ] L4 /_/
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Perturbative cross section

y

Non-Perturbative cross section >
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Large TSSA observed at Forward-Rapidity: ° and n

* Production well described by pQCD p'

e A,isindependent of collision energy X1 .
— xF scaling?
. . ?

e Similarfor Pionand eta Valance quark effect : g

— No mass dependence?

T
. p
arXiv:1406.3541 X1>>X)
NG
L T I T T T I T T T I T T T i X2
(a) i
02kL ® 1 (M)=3.52, {s=200GeV) | o _
ol PHENIX 5 03, l<n|<3.7, {5=62.4GeV) [ ] Eﬁ 07 - 200 GeV p+p
I % 70 ()=3.3. {5=200GeV) | 8 F o Midrapidity
I STAR 4 o ()=3.7, \s=200GeV) | 06 "
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- 1 \I/ —] - .
O'l_ :l: T 1 | 04
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I~ m - 02;
IS i *{z W ____________________________________________________ | -
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L 1 I 1 1 1 | | 1 1 | 1 | 1 ] 0£IIIIIIIIIIIIIIIIIIII16III18III20
0.2 0.4 0.6 0.8 P, (GeVic)

Xp
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Probe the Underlying Physics via Hard Scatterings
TMD vs Collinear Twist-3 Factorizations

(i) Sivers mechanism: (ii) Collins mechanism:
correlation proton spin & parton k;  Transversity X spin-dep fragmentation

SP Nucl Phys B396 (1993) 161

Phys Rev D41 (1990) 83; 43 (1991) 261 Sp
\ S,
P Krq W
p

Sq X‘(T,n
AN X 5Q(X)'H1J'(Z2,]€L2)
Collinear Twist-3 (RHIC):

quark-gluon/gluon-gluon correlation

Ay < fi79(x,k}) D) (2)
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A Surprise: Ay Sign Mismatch?

First attempt to check the “Universality of QCD description of TSSA”
e Twist-3 (RHIC) v.s. Sivers (SIDIS)

Ay p+p —> m°+X at vs=200 GeV
0.15H  Spint -

r Spin ¢ i
[ |l Left i

- Kang, Qiu, Vogelsang, Yuan PRD 2011

—— 17 (z, k7)|sipis

I -_. Sivers (HERMES fit)

0.1 i ‘ | twist—3

Eo ;;).fnﬁcsso(c'e‘v%;) /5 : QiU,STermGn
0'05; <n>=37 , L sn>=33 Kouvaris et al.
: Kanazawa,Koike
0 }5"‘5 """"""""""" ]jx“‘ """"""""""" Kang Prokudin
\\‘\, A ‘ [N J/| I | N | Vi
05 0 05 -05 0 05y,

A possible solution? Kang, Prokudin PRD (2012)

= % SIDIS Data
o < [BX
0
unknown
0.1 d-quark
L \- | | |
0 0.2 04 0.6 0.8 1
X k
7/7/16
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Hadron TSSA in Twist-3 Framework

Qiu & Sterman PRD 59 (1998)

AoA+M<s*T>=§ B (1 X2 57)® dya(x ) O Hy iy o(57)OD . (2)
aoc

+ 2, 840 (x51)® Gyjp(xi ¥ OHy . (F1) 9D (2
aoc

+§ 8Tk (x50 @ Byyp(x VOH, L, (S)®DY) (z,,2,)
aoc

+higher power corrections,

15t term: twsit-3 correlation functions, “Sivers”

2" term: twist-2 transversity * twist-3 from unpol beam (expected small)
37 term: twist-2 transversity * twist-3 FF, “Collins”

Need new direct measurements of Sivers and Collins TSSA in p+p!

Forward sPHENIX Upgrade Proposal
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Gluons?: Forward Heavy Flavor A,

Heavy Flavor productionisanideal tool to investigate gluon distributions.

[
<Zo1__ ¢ Run6+Run8 PRD86,099904(E),2012)
L ¢ Run12 (preliminary)
C o Run15 p+p projection
- O  Run15 p+Au projection (pTgoing)
0.05——
3 Jl |
or TI rHT
-vo5_— .//(,U AN
04—
C cl e b b b b by L
-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2
Xg
*  We expect much improved result
from ongoing Run15 p+p analysis
(>5x statistics) aswell as J/Y A,
resultin Run15pT+A
7/7/16 Ming X.
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First Polarized p+A at RHIC

Runl5 (2015)

: - *?OGeV/nucleon
f);ﬁ \ i(f:ﬁ‘“ -
Polarized Proton # of proton # of neutron
p 1 0
Al 13 14
Au 79 118
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Itaru Nakagawa’s

Run15 p+Au: . Surpnse! talk, July 13

Unexpected pAu and pAl asymmetries observed compared to that of pp

0.25F

0.1

0.05F

-0.05¢

-0.1

0.3F

0.2F

0.15F

- A N
| @ 2zDCinclusive PH:“ENIX
ZDC & BBC p-dir & BBC A-dir preli‘minary
@ ZDC & veto BBC p-dir & veto BBC A-dir
[ ]
C p'+A = n+X
Vs= 200 GeV
Xxg>0.5 'y
0.3<6<2.2 mrad
—  22% scale uncertainty not shown
[ ]
L p+p p+Al p+Au
e ©
o J
k‘\\\\‘\\\\‘\\\\‘\\\\‘\\\

A (atomic mass number)
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BBC Veto
I
BBC Tag T : () AN < O
P n
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Summary of PHENIX Runs: 2000-2016

RHIC energies, species combinations and luminosities (Run-1 to 16)

15 20 23 27 39 56 62 130 193 200 410 500 510

Center-of-mass energy sy [GeV] (scale not linear)



Outlook: PHENIX -> Forward/sPHENIX->ePHENIX

Documented: http://www.phenix.bnl.gov/plans.html

Current PHENIX

f/sPHENIX

An EIC detector

*  PHENIX completed 2016

 16y+ work
100+MS investment

e 130+ published papers to
date

Comprehensive central upgrade
based on BaBar magnet

fsPHENIX: forward tracking,
HCal and muon ID

Key study of transverse spin
New collaboration/new ideas

Path of PHENIX upgrade leads
to a capable EIC detector

Large coverage of tracking,
calorimetry and PID

New collaboration/new ideas

201752020

Time

RHIC: A+A, polarized p+p, polarized p+A

eRHIC: e+p, e+A

7/7/16
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Initial Success of TMD and Twist-3

*Both describe pp data well, from fixed-target to RHIC

0.6~ JEa x 0
i AT E70

f n { / aTaY, ™ \/
A, p+p—> 7 +X at vs=200 GeV

}
] X Vi
1 1 I 1 1 1 I 1 1 1 I 1 1
0.2 0.4 0.6 X, -0.5 0 0.5 -=0.5 ) 09 X
F

7/7/16 Ming X. Liu, ICNFP2016 29



“Weak” p; Dependence

arXiv:1406.3541

Z [ I I T I I T I I T I I T I I I I T I I I .
< 03k p+p —n+X (V5=200GeV) B
"~ Vertical scale uncert. 4.8% J
[ 0 x<0 KK Twist-31 (x_>0.2,3.10<3.7) — |
- @ X>0 -
0.2+ —
I [
0.1 o .
I b 1
Op = e ~
1 2 3 4
Transverse momentum, p_ [GeV/c]
A I ! @rwist -3 .
NT ST T - My PrS My Pr
AN ~ —_—
) © bro Y O( UT >+O< —U)
Naive expectation at high pT Recent work, Twist-3, Kanazawa & Koike

1071742014 Ming X.Nding|CNFP2016



Access Sivers and Collins with Jet and Hadron Azimuthal
Distributions in Transversely Polarized p+p Collisions

(SA)B—’Jet+7T+X
Feng Yuan, PRL 100, 032003 (2008) E do’ dx,dxp 42 k|
Umberto D’Alesio et al PRD 83 034021 (2011) d p] dZdsz_T, i d 0 167TzXaXbS a
0
I 2 a/A S
| Xem xXd klpr AL fa/A SA(xa’kJ_a)p,\ AL fb/B(xb’kJ_b)
|
| A
|
i D"oducti >< MAC’/\d;Aa’AbMAé,Ad;AZ,)[;) 8(S + t—l_ u)DAC;)lé (Z, kJ_'ﬂ')'
| m%’te
|
P, . 1% Experimental variables:
\ - JetP, xF
<
I - Hadron P, PID

- Beam polarization

A;l]nqﬁSA -> “Sivers-like”

NP
:A]S\I,n(ngA ?7) 3 “Collins-like”
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fSPHENIX Projected Jet Sivers Asymmetries

Test the universality of QCD description of TSSA: pp vs SIDIS

L L L L L L L L L L L L B L B B BN B A

 Pythia Anti-kT R=0.7 P, > 4 GeV/c, n = 1.7-3.3, P=60%, 97 pb™* -|
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L L L L L L L L L B L L B L B B BN B A
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Naive direct mapping
from SIDIS Sivers (GPM)
- “u-quark jet” Ay >0

Sivers, SIDISfit
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- “u-quark jet” Ay <0
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TSSA in Heavy Quark Production in p+p

Kang, Qiu, Vogelsang, Yuan, PRD 2008

D-meson production in hadronic collisions

O Two partonic subprocesses:

AR T

O Quark-antiquark annihilation:
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Open Charm TSSA in Twist-3 Approach

Factorized formula for D-meson production Qi 2010

0 Same factorized formula for both subprocesses:

. dAo o? dz da’ dr e [ePrsrnnyN

_E,Pf aP, = ? Z / jD(-—In(l) T(‘)Q/B(.r’) TV"ITI(I; ( - ) 0 (s + 1+ u)
qf—cé q - ) -
{ d > L . F

X \Tq.p(l‘..r) - .rl—Tq.p(J‘..r) ) Hygc(8,t,0) + Ty p(z, x)Hog—c(5, 8, @) | ,

dAo a? dz de —— [ efrsrnny
El’hm - T z / _2D(‘—-h( ) —Ug/n(l )/—\/ drag ( )(5 (.s'—+—f+u)

tlgg—ce T i=fdY ”

T (2. x Ao o g (i)
X P (J.J)—JET(; (z,2) | Hgg_..(5 fu)+T (1 r)Hgg—c(3 )|,

QO Hard parts:
I F u i ; Fls T
qu—( H + H‘W—" (l + 7) H((Ill)—'( H:“l_’_ + qu(—z( (1 + 7)

qq—'(

All Hy;—.. and H,\”..and HE(D vanish as m? — 0
Q Hard parts change sign for 7..”(x,z) when c— ¢
HY e=H) .. Hy).=-H..
H e =HE) .. Hygo=—HD_.
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Heavy Flavor to Access Gluons

Sensitive to gluon Sivers function
* probe gluon’s orbital angular momentum?

-- Minimize Collins’ effects

* heavy flavor production dominated by gluon
gluon fusion at RHIC energy

* gluon has zero transversity

Pythia 6.1 simulation (LO)

cc: gg
bb : gg

cc 95%
bb 85%

Tri-gluon correlation functions

Also sensitive to J/y production mechanisms

and QCD dynamics

357/16

Ming X. Liu, ICNFP2016

Gluon Fusion

- O =¢corb
A a ,§
g -
L=
o
L ol
he

ha

hs

s ' Open Charm .

- next-to-leading order
- subprocess fractions

0R0NeS T

Johann Riedl|, SPIN2008



Expectation from Run 2015 p+p &« p+A

with F/VTX

* Expect much improved results
fromRun 15
— 110 pb?, Pol =57% (Run15)
— 10x FOM(Run12)
GTMD model
=0.3¢
< E charm A, with FVTX
0.25 = Sys. Err.

E p+p—u+X (s=200GeV
0.2F 21 pb' izl <10cm,P =60 %

~ PHENIX (Runé) p°

015 4 4cmi<10
0_15_ 1<p, <5GeV/c
0.055
0F
-0.05F
-0.1= Anselmino et. al
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Twist-3 Approach
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